The corrosion inhibition on the iron surfaces by (2R)-5-hydroxy-7-methoxy-2-phenyl-2,3-dihydrochromen-4-one (PN), isolated from Kaempferia pandurata Roxb, has been conducted both experimentally and theoretically. The corrosion inhibition effectiveness of PN was studied by gravimetric and electrochemical experiments and density function calculation at B3LYP level of theory. The PN successful isolation was confirmed by spectroscopic techniques.The presence of an inhibitor can effectively inhibit iron corrosion in 1M HCl. The adsorption of PN on the iron surface obeyed the Temkin adsorption and physisorption mechanism. The effect of electron donating and withdrawing groups on the inhibition efficiency was studied by density functional theory method. The inhibition efficiency of PN increased with the addition of the N-NH2 function group whereas the NO2 group gave the opposite result.
INTRODUCTION
In the search for eco-friendly, inexpensive and efficient corrosion inhibitor, the natural product compounds become an important solution. Extract of natural products for inhibiting corrosion have been widely reported and they showed high corrosion inhibition efficiency [1] [2] [3] [4] [5] [6] [7] [8] . They generally utilize their heteroatom groups and π electron to interact with metal for inhibiting corrosion processes [9] . The interaction process forms a coating on the metal surfaces, thus protecting the metal in the corrosive medium [10] . However, the extracts were still a mixture of various compounds; it leads to the difficulty of detecting compounds that play the most significant role as corrosion inhibitors. Furthermore, the plant extracts inhibition efficiencies are still dependent on the plant part and location.
To overcome these uncertainties and dependencies, it is necessary to isolate the pure compounds from the targeted plants. Therefore, in this work the (2R)-5-hydroxy-7-methoxy-2-phenyl-2,3-dihydrochromen-4-one (PN) was crystalized to 99.99 % purity from Kaempferia pandurata Roxb extract and tested as a corrosion inhibitor.
Kaempferia pandurata Roxb or finggerroot plant can be found easily in Indonesia and Southeast Asia region. It is commonly used as a spice cooking and as a traditional medicine for colds, asthma, stomach ache, and headaches. PN compound is the major compound of Kaempferia pandurata Roxb. The PN structure has two benzene rings and the presence of π electron donors from aromatic benzene and electrophilic properties of heteroatoms enables the compound to be strongly bonded to the metal surface. Such a structure allows high-potential PN as a corrosion inhibitor. In this work, PN was isolated using simple soxhletation techniques, purified, characterized and tested for corrosion inhibition properties using weight loss measurement and electrochemical analysis. A theoretical study was then used to explain the relationship between the molecule electronic parameters and their corrosion inhibition performance.
MATERIAL AND METHOD

Materials
All chemicals are ordered from Sigma Aldrich/Indonesia. Fourier transform infrared (FTIR) spectra were obtained by a Shimadzu FTIR-8300 spectrometer. Nuclear magnetic resonance spectra were recorded on 1 H NMR 500Hz JEOL Spectroscopy. Gas Chromatography-Mass Spectroscopy GC-MS QP2010 shimadzu was also used.
Extraction
Isolation was performed using a simple soxhletation technique. Dry powder of Kaempferia pandurata Roxb was extracted using n-hexane by soxhlet extraction technique. The soxhlet result was then evaporated to obtain the filtrate using a vacuum rotary evaporator. The filtrate was then cooled to 2 °C overnight until PN crystals are formed. The formed crystals were then purified by recrystallization technique with 92 % yield. White PN crystals are formed with a melting point of 99.5 o C. Characterization was then performed using FTIR, 1 
Corrosion test
The iron specimens were made with an effective area of 1 cm 2 , and iron sample was suspended in 100 mL of 1 M HCl solution with or without an inhibitor. The studied inhibitor concentrations were where W1 and W2 are the lost weight of the iron specimen in the absence and presence of an inhibitor, respectively.
Electrochemical Impedance Measurements
The surface preparation of the iron electrode was conducted by silica carbide paper 800 and 2000 grid, and re-washed using distilled water and ethanol before use. Furthermore, the electrodes are connected with a potentiostat PG 301. The 1 M HCl solutions were prepared from 6 M HCl and distilled water. Addition of inhibitor solution was carried out on various concentrations of7.27×10-4 M, 9.69×10-4 M, 1.21×10-3 M and 1.45×10-3 M at 298 K, 308 K and 318 K.The analysis begins with the EIS potential open circuit measurement at a frequency of10 kHz -100 mHz.
Computational details
The density functional theory at B3LYP/6-31G(d) method is used to optimize PN geometry. Hence corrosion predominantly occurs in the aqueous medium, so the polarized continuum model was used to calculate the solvent effects. Because it has a little effect on the energetic, only single-point calculation was applied in aqueous phase [11] [12] [13] [14] . All theoretical calculations are performed with the Gaussian 03 package [15] . The electronic parameters HOMO and LUMO energy, gap energy (Egap), the absolute electronegativity (χ), the fraction of electron transferred (ΔN), and the theoretical corrosion inhibition efficiency (IE%) were calculated [16] [17] [18] .
RESULTS AND DISCUSSION
Isolation and characterization
Isolation of PN compound ( Figure 1 ) produces white crystal with Kaempferia pandurata Roxb typical aroma with a yield of 92 %. The crystals were then identified using thin layer chromatography (TLC). The retention factor value of the TLC sample is equal to the standard retention factor value of 0.750. The crystal has a melting point of 98 ℃. This result is in accordance with experimental studies melting point tests for PN compound [20] . To strengthen the identification results, further analysis was performed using FTIR, 1 aromatic; the methyl and methylene groups were indicated in3000-2800 cm -1 and1450-1350 cm -1 , respectively; the presence of the C-O group were identified at 1250-1290 cm 
Weight loss studies
The inhibition efficiencies of PN were calculated using weight loss measurements at different concentrations as depicted Figure 2 . Corrosion inhibition efficiencies increase with increasing concentration of inhibitor, in contrast reducing inhibitor concentration decreasesthe inhibition efficiencies. The efficiency of inhibition reached a maximum efficiency at 298 K and 1.1 x 10 -3 M. It indicates that the PN are able to protect iron surface from corrosion. The PN has free electron donors from oxygen and aromatic benzene rings that donate п electrons to the formation of physisorption on the iron surfaces. The effect of temperature on corrosion inhibition efficiency can also be seen in Figure 2 . Experiments of corrosion inhibition efficiency were carried out at different temperatures (298 K, 308 K, and 318 K) to measure the effect of temperature changes on the efficiency of corrosion inhibition. Increasing inhibitor concentration and decreasing temperature result in increased performance inhibition. This can be explained from the exothermic inhibition process, the heat value of adsorption is negative, which means an increase in corrosion inhibition efficiency when the temperature decreases [22, 23] . The gravimetric results showed good agreement with the results of EIS measurements. 
Electrochemical impedance spectroscopy (EIS)
The EIS test results show the Nyquist curve in the form of a semicircular diagram which is a plot of real impedance (Zr) against imaginary impedance (-Zi). The electrical (electrochemical) parameters produced are Rct, Rs, and Cdl obtained based on data fittings. Rct is a charge transfer resistance formed by a single electrochemical reaction on a metal surface controlled by kinetics. Rs is the solution resistance which is influenced by ion concentration, ion type, and geometry of the current carrying area, while Cdl is the electric double layer capacitance formed from ions attached to the electrode surface. The inhibitor efficiency value is calculated by the following equation:
where, Rct (inh) and Rct (blank), respectively, are obstacles to transfer of charge with and without the PN compound being tested. Figure 3 shows the Nyquist curve for iron plate in corrosive media (1 M HCl) from the efficiency testing of inhibitors of PN at various concentrations. The half circle in the Nyquist curve looks imperfect which shows that the metal surface is not homogeneous [23] . The addition of PN inhibitor increase the resistance of charge transfer resistance (Rct). This shows that the addition of inhibitor inhibit the transfer of electrons from the iron surface to the solution medium so that the iron oxidation reaction and the reduction of ions in the solution decrease. The inhibitor has the ability to inhibit corrosion as indicated by enlarging the semicircular curve on the Nyquist curve along with the addition of inhibitor concentrations [24] . Table 1 
Adsorption Thermodynamics
Thermodynamic factors such as activation energy, enthalpy and entropy changes, and adsorption-free energy can be used to determine the inhibition process. Activation energy (Ea) is the minimum energy required for the ongoing chemical reaction. Ea value indicates that the higher the concentration the greater the activation energy required. The greater Ea value indicates a greater energy barrier to inhibit the oxidation reaction in the corrosion process. The bigger the Ea value the smaller the corrosion rate. The Ea value < 80 kJ indicates the occurrence of physical adsorption while the value of Ea > 80 kJ indicates the occurrence of chemical adsorption [26] Information on the interaction mechanism between inhibitor and metal surfaces is obtained from isothermal adsorption. The surface coverage value (θ) of PN at various concentrations has been tested according to the best isothermal conditions. Plot θ vs ln C at different temperatures gives a straight line as shown in Figure 2 . Thus, the best fit is obtained from Temkin adsorption. Isothermal Temkin identifies that PN adsorption on Iron surfaces is multilayer and more likely to be physisorption. The physisorption adsorption process is also indicated by the value of ΔG o ads< -20 kJ.mol -1 .
Density functional theory calculation
In this work, theoretical calculations are used to predict PN derivatives with higher inhibition efficiency. Here, we tested three potential PN derivatives as corrosion inhibitors 6-amino-5-hydroxy-7-methoxy-2-phenylchroman-4-one (PN-NH2), 6-diazenyl-5-hydroxy-7-methoxy-2-phenylchroman-4-one (PN-NNH2) and 5-hydroxy-7-methoxy-6-nitro-2-phenylchroman-4-one (PN-NO2). Structure of the studied molecules is depicted in Figure 3 . Table 3 shows the parameters of quantum descriptor, corrosion inhibition efficiencies and binding energies of the PN and its derivatives. Corrosion inhibition efficiency depends not only on the molecular structure parameters but also depends on the condition of the molecular electronic parameters. Reactivity of inhibitors can be measured by the value of electronic parameters such as theHOMO and LUMO energies.The interaction between EHOMO and ELUMO leads to electron transition within molecules [27, 28] and it can be measured based on the values of molecular orbital energy. The tendency of molecules to donate electrons can be seen from the energy value of HOMO. The HOMO energies indicate that PN-NNH2 has higher HOMO energy than PN, PN-NH2 and PN-NO2. Therefore, PN-NNH2 is more intent on donating electrons to iron than PN, PN-NH2 and PN-NO2. This trend explains why PN-NNH2 has the highest inhibition efficiency. Electronegativity indicates the level of stability of the molecule. A small electronegativity value causes the molecule to easily achieve stability [27, 28] . Table 2 shows the smallest electronegativity was shown by PN-NNH2. The electronegativity value of PN-NNH2 is 3.16eV, this value is lower than PN, PN-NH2, PN-NO2 with 3.88 eV, 3.83 eV and 3.75 eV, respectively. This electronegativity shows that the PN has the highest stability, thus it is predicted that PN-NNH2 has the highest inhibition efficiency. Table 2 presents the number of electrons transferred (ΔN). If the ΔN value is smaller than 3.6, it can be concluded that the inhibition efficiency increases due dilution of electrons to the metal surface [29] . The higher the value of electrons transferred number, the higher the ability of the inhibitors to donate their electrons toward the metal surface. The PN-NNH2shows the highest fraction of electrons transferred and it is associated with the highest inhibition efficiency. In contrast, PNNO2indicates the opposite process.
Theoretical prediction of corrosion inhibition efficiency (IETheor.%) of PN and its derivatives is also depicted in Table 2 . The addition of substitution groups to PN affects the efficiency of corrosion inhibition. The corrosion inhibition of PN and derivatives are sorted as follows: PN-NO2< PN < PN-NH2< PN-NNH2. The sequence of efficiency of this corrosion inhibitor correlates linearly with quantum chemical parameter values. The addition of substitution groups has an effect on the efficiency of corrosion inhibition due to differences in electron distribution in studied molecules as shown in Figure 4 . In PN-NNH2 the nucleophile difference is centered on NNH2 and in PN-NO2 centered only on OH group. Therefore, the inhibitor PN-NNH2 is likely to bind strongly toward the surface of iron than that of PN-NO2 so that it has better inhibition performance.
The binding energy (∆Eb) values show that interaction between PN and iron formed stable complexes ( Table 2 ). The more negative the interaction energy is, the more stable the complex. The order of complex stability between PN and its derivatives with iron is PN-NNH2 > PN-NH2 > PN > PN-NO2. The value of the binding energy is in good correlation with the predicted corrosion inhibition efficiency. The addition of electron donor NNH2 and NH2 groups increases the complex stability; as a result, the inhibition efficiency of the inhibitor is also increased.
CONCLUSION
The experimental and theoretical studies of PN as corrosion inhibitors of Iron in 1 M HCl have been performed. The FTIR spectra, 1 H NMR and GC-MS characterized the successful isolation of PN from Kaempferia pandurata Roxb. The 84.97 % inhibition efficiency was obtained at maximum PN concentration. Isothermal adsorption obeys the Temkin adsorption multilayer featuring physisorption mechanism.The efficiency of corrosion inhibition of PN and its derivatives correlates well with quantum electronic parameters such as the frontier molecular orbital, gap energy, electronegativity, and electron transfer as well as binding energy. The addition of the NNH2 group within the framework of PN increased the efficiency of corrosion inhibition by 5 %.
